Abstract. Ionic substitution can affect essential physicochemical properties leading to a specific biological behavior upon implantation. Therefore it has been proposed as a tool to increase the biological efficiency of calcium phosphate based materials. In the following study we have evaluated the contribution of an important cation in nature, Mg 2+ , into the structure of previously studied biocompatible and biodegradable hydroxyapatite (HA) incorporation into HA nano-rods gave rise to a tailored crystallinity degree, cell parameters, morphology, surface hydration, solubility and degradation properties in a dose-replacement dependent manner. The obtained materials show qualities that conjugated together to drive an optimal in vitro cellular viability, spreading and proliferation confirming their biocompatibility. In addition, an improved adhesion of osteoblast was evidenced after Mg 2+ -Ca 2+ substitution.
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Introduction
Notwithstanding the steady advances in material science field, the creation of calcium phosphate (CaP) ceramics analogous to the mineral matrix of calcified tissue remains one of the most ambitious goals of implants research, mainly due to the difficulty of simultaneously mimic the morphology and microstructure thereof. 1 In accordance to the biomimetic principle, an implant should seem as closely as possible the host tissue to be replaced. Thus, the optimal CaP biomaterial applied for hard tissue repair should consist of nanometric, hierarchically structured and poorly crystallized hydroxyapatite (HA)
distinguished by a non-stoichiometric composition. 2 In previous works [3] [4] we successfully fabricated biocompatible HA nano-rods possessing a precise chemical composition, controlled crystalline dimensions, an accurate hydrophilic surface and an optimal degradation rate under cell-mediated acidic conditions; features that allow a normal growth and differentiation of bone cells in vitro. Furthermore the evaluation of the interaction between HA nano-rods with hydrolyzed collagen peptide units was done. In the course of the study, HA nano-crystals affected the hydrodynamic environment of the protein network producing hybrid scaffolds with improved mechanical and thermal stability properties. [5] [6] The assimilation of HA nanoparticles, also stimulate an improved mineralization of the scaffold 6 and an accelerated platelet-poor plasma burst coagulation in a dose-dependent manner. 7 In the present work a further step was taken towards the construction of synthetic materials that resemble calcified tissues, and for this reason the ionic substitution present in the biogenic apatite was introduced. 8 In particular, it was explored the magnesium ion (Mg   2+   ) substitution because it is quantitatively one of the most significant bivalent ions present in biological apatite. 9 The Mg 2+ content in enamel, bone and dentin are about 0.44, 0.72, 1.23 wt % respectively; 9-10 its depletion in calcified tissues harmfully affects all stages of skeletal metabolism, producing the disruption of bone augmentation, a decrease of osteoblast activity, osteopenia and bone fragility. [11] [12] This article is focused on Mg 2+ -Ca 2+ switch in HA nanoparticles prepared at room temperature (RT) and its effect on the microstructural and morphological features to attain bone repair. In the first part of the work, the main characteristics of Mg 2+ -HA nanoparticles are correlated with the modifications induced by ionic substitution. Experimental and theoretical approaches are brought together to examine the effects of Mg 2+ substitution on the apatite organization, its average particle size, morphology, crystallinity degree and unit cell parameters.
Furthermore, it is recognized that the substitution of Ca 2+ positions by Mg 2+ in the surface of the crystal induces a chaotic state where ions are constantly swapped from the outer hydrated layer and expands the number of molecular layers of coordinated water; 13-14 all these events affect the material resorption abilities as well as its protein adsorption capacity and future cells adhesion. Thus, our study follows with the analysis of Mg 2+ substitution effect on the material hydrophilicity and degradation properties under osseous resorption conditions correlating the ion release with its biocompatibility in the presence of osteoblasts and endothelial cells.
The results obtained from this work would contribute to a better understanding of the ionic substitution effect on the properties of precipitated phases and, consequently, to the design of raw materials for tissue engineered implants displaying enhanced bioactivity and specific ionic delivery abilities to treat bone diseases. and observations were made in a bright field. where λ is the wavelength (Cu K α ), θ is the diffraction angle, ω is the experimental fullwidth at the half maximum (FWHM) obtained for each sample and ω 0 is the standard FWHM value. To calculate the average crystal size along to the crystallographic axis c and a, respectively, the FWHM at 2θ = 25.8° and 33.1° corresponding to (002) and (300) Miller plane family of HA (JCPDS file #09-0432) were chosen. 15 The fraction of crystalline phase (X c ) was also calculated: 
Experimental

Reagents
X-ray powder diffraction (XRD)
where I 300 is the intensity of (300) diffraction peak and υ 112/300 is the intensity of the hollow between (112) and (300) diffraction peaks of HA. Verification was done with the relation:
where K is a constant found equal to 0.24 for a very large number of different HA powders, 10 and B 002 is the FWHM (in degrees) of the (002) reflection. The estimated uncertainties are about 20 %. Of the two known allotropic forms of HA (monoclinic, space group P2 1 /b, and hexagonal, space group P6 3 /m), only the hexagonal phase is of practical importance because the monoclinic form is destabilized by the presence of even small amounts of foreign ions. 2 Considering that it has been confirmed the existence of ionic substitution in the biogenic HA, 2 it was expected that hydroxyapatite crystals correspond to the hexagonal crystal family (a = b ≠ c; α = β = 90º; γ = 120°). The lattice geometry parameters (a, c) and the volume of the direct unit cell (V), were computed on basis of the following equation 18 by Rietveld refinement using the Rietica v4.2 software package:
where, d hkl is the interplanar spacing computed by the Bragg equation (λ = 2d hkl sen θ) and (hkl) are the Miller index of the symmetric reflections used in the calculus. 18 Molecular modelling were performed by a combined Ab Initio method and powder diffraction data 20 using the Endeavour software package (demo version). reflectance accessory (DRA, also called an integrating sphere), operating in the reflectance mode (λ = 1000 -2500 nm), at air atmosphere and at RT were used to quantify the reflectance of the powders. For measurements, the samples were maintained inside flat bottom glass vials to form pellets of 10 mm diameter and 5 mm thick and a Gold NIR Diffuse Reflection Standard (99.9 % reflective) was used as a reference to calibrate the baseline.
Near infrared spectroscopy (FTIR -NIR
In vitro hydrolytic and enzymatic degradation
Each sample was weighted (W 0 ), 200 mg, and deposited in crystal vessels having 50 mL of PBS (pH = 7.4, containing 0.05 % w/w of NaN 3 ). Following, they were incubated at 37 ± Supernatant Ca 2+ concentrations were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) using the method 6010C (EPA, 2007). The solubility product (K sp ) at 37°C and pH = 7.4 was calculated from the obtained data after 10 days of treatment, since 5 days seems to be adequate to reach a relatively stable and horizontal slope in the dissolution curve, 25 figure S1 of supporting information (SI). were seeded onto a 96-well plate, flat bottom, and incubated with 7.14 µg / well of Mg 2+ -HA nanoparticles for 48 h in 100 µL of DMEM with 2 % (v/v) FCS. Cells cultured in the absence of the material (C) and non-substituted HA were used as controls. After treatment, 10 µL of MTT reagent were added to each sample and the plate was incubated in darkness at 37 ºC under a 5 % CO 2 atmosphere for 4 h. The medium was then removed and 100 µL of DMSO were added to each well. Absorbance was measured at λ = 505 nm in a multiplate reader (Sinergy-HT Biotek) using a λ = 700 nm as blank reference. Results are expressed as optical density percent (O.D. %). Finally, the cells were observed and microscopic photographs were taken in a phase contrast inverted microscope Nikon eclipse TS100 coupled to a Nikon D3200 camera.
Biocompatibility assays
To evaluate the cell morphology and adherence in the presence of the Mg 2+ -HA nanoparticles, the samples were then extended on a microscope slide, air dried, fixed with absolute ethanol and stained with CV. 32 Experiments were performed with two different cell preparations and repeated five times. Cytomorphometric analysis was done using free Image J (National Institutes of Health, Bethesda, MD) software accordingly to the Foldberg et al. methodology. 33 For the determination of cellular area and its length, each cell was considered an object equivalent to an ellipse. 33 Then, the aspect ratio of each cell was 
Statistical analysis
All quantitative assessments were taken in triplicate, and results are expressed as mean ± standard deviation (SD). Statistical analysis of data was realized by one factor analysis of variance (ANOVA). Student's t-test and probability values below 0.05 (p < 0.05) were considered as a significantly difference.
Results and discussion
Mg
2+
-substituted apatites 
Insert table 2, here
The determined cell dimensions along c and a axis, figure 2, and the direct unit cell volume The rigorous position of the Mg 2+ ions in HA framework is an unresolved problem. 38 Whether Mg 2+ ions partially replace their calcium counterparts in apatite lattices or if they are situated on the surfaces of the apatite crystals is a controversial subject. To achieve the favored location for Mg 2+ occupancy on HA crystal and to predict the essential changes associated to its incorporation, crystal structure optimization 20 and All samples were obtained accordingly to a previous studied synthetic methodology 3 in which the synergistic effect of CTAB-PPG rod-like mixed micelles template combined with a hydrothermal treatment direct the assembly of HA nano-rods. To test the effect of Ca 2+ per Mg 2+ ions partial replacement on the morphology of the particles, the starting calcium and phosphorus sources, CTAB and PPG concentration, rate and order of reagent addition were preserved. In addition, the pH, hydrothermal aging temperature and reaction time, as well as calcination time and temperature conditions were carefully controlled and kept unaltered respect to the HA nano-rods original synthesis. 3 Microscopic inspection of the obtained materials shows a nano-structured network created by the interconnection of rod-shape particles similarly to that formed in the non-substituted HA sample 3 , figure 5.
However, particle size distribution analysis, figures S10-S18, reveals an increased diameter 43 In addition, at maximum Mg 2+ content, the large nano-rods exhibiting a bicontinuous porous structure can be explained by the occurrence of atomic diffusive migration at the ACP/HA interface accordingly to the Kirkerdall effect. 44 As suggested by Smigelskas and Kirkendall, 44 if there is a substantial difference between the reciprocated diffusion flux of two components in a diffusion couple, their interfacial inter-diffusion may conduce to the creation of a net directional flow of matter. As soon as the flux core to shell (J core ) was higher to that from shell to core (J shell ), the interface between core and shell progressed outward to the core, leaving vacancies behind. The accumulation of created 
Tailored Mg
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-substitution on bone repair potential
Surface hydration
The initial stage toward the atomistic and molecular comprehension of the devious mechanisms between biological active species and HA requires the understanding on the behavior of surface water/HA interactions. Mg 2+ -HA powder surface hydration was analyzed by the inspection of FT-NIR spectra of adsorbed H 2 O molecules, as shown in figure 8 . All samples displays a broad band at 1928 nm that can be assigned to the combination of bending and asymmetric stretching (ν 2 + ν 3 ) vibrational modes of low intensity hydrogen bonded water molecules. In addition, the FT-NIR spectrum of nonsubstituted HA sample shows a broad adsorption band at 1420 nm that can be assigned to the combination of symmetric and asymmetric stretching (ν 1 + ν 3 ) vibrational modes of intermediated hydrogen-bonded water molecules, figure 8a. This band became narrow and of higher intensity in the spectra of the less Mg 2+ -substituted HA samples, figure 8b, while practically disappeared in the high Mg 2+ -substituted HA one, figure 8c. Finally a narrow and intense band at 2310 nm similar to that due to the (ν 2 + ν 3 ) vibration modes of ice was identified for MgIV-HA sample and can be associated with highly structured hydrogen bonded water molecules. Considering the overall evolution of the spectra in figure 8 , the intensity and position variation of the broad band at 1420 nm and the presence of a narrow band at 2310 nm at the MgIV-HA spectra indicated that a multilayer of physisorbed liquid-like water was gradually restructured as a consequence of superficial Mg 2+ presence. The percentage of degradation depends on the amount of magnesium substitution, being higher when the latter is greater, figure 9a . The negligible material degradation in physiological fluids is an essential point because the biodegradation rate must be analogous to the frequency of bone tissue formation, process that take place between 8 and 16
weeks. 51 Concerning to the self-dissolution in vivo and in vitro of an apatitic implant, two main differences must be kept in mind; the dissolution process in vivo occurs in a thermodynamically open system whereas the in vitro dissolution take place in a closed system and the apatite crystal comes to equilibrium with its solubilized ions. Despite this difference, the self-dissolution rate is a function of the solubility product K sp , 52 which is the equilibrium ion activity product of the materials. To further deepen into the Mg 2+ -substitution effect on the stability of apatitic-materials in contact with physiological fluids, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 their K sp were analyzed. The K sp is assessed for a given composition and the formula weight needs to be specified; based on our previous analysis, ] were computed based on their measured concentrations and the Debye-Hückel limiting law,
where γ i , a i and Z i are the activity coefficient, the effective diameter and the valence for specie i respectively; m is the total ionic strength of the solution; A = 0.51144 and B = 10 7.515 are parameters for the Debye-Hückel limiting law. 52 The resultant values for all enamel and HA precipitated from aqueous solutions. 53 The decrease in solubility is a result of an increased stability of Mg 2+ -HA crystal upon magnesium incorporation.
During the processes of bone resorption and remodeling, the secretion of H + ions by osteoclasts offers a localized acidification to dissolve the mineral phase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surface. 55 Considering that a spherical bolus of material dissolves only on its surface, S, and that the concentration of ions in the solution is low enough that their precipitation rate on the bolus is negligible; then the rate of dissolution, v = dS/dt; can be written as:
where k is the dissolution rate.
by integration of equation (8), a relationship of surface area of the spherical bolus as a function of time can be obtained:
If we consider a spherical symmetry of radius r; the surface area is S = 4 πr 2 ; and the volume is V = (4/3) πr 3 . Since the mass, m, of the bolus is proportional to V; and S is proportional to V 2/3 ; then S is proportional to m 2/3 . Therefore, equations (8) and (9) may be rewritten as:
Rearranging and taking logarithms of both sides of the equality:
Hence, a plot of ‫݈݃‬ ቀ ሺ௧ሻ ሺሻ ቁ vs. t is predicted to be a linear relationship with a negative slope of -0.652k. Confirmation of equation (12) is shown in figure S19 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 MgIV-HA, showed a complete degradation at 9 and 7.5 days respectively. To obtain apparent solubility distributions, the dissolution rate constant (k) was plotted against Wt% Mg 2+ and the data fitted to the sigmoidal Boltzmann equation: substitution is energetically favored, should happen faster and/or more easy than that from Ca(2) sites. 57 In this way, the substitution of the Ca 2+ ions at the Ca (1) site by Mg 2+ drive a 
Cellular -material interactions
The biocompatibility of Mg 2+ -HA nanoparticles was tested in the presence of primary rat osteoblasts (rOBs) and endothelial cells (rECs). 58 Both types of cell are actually involved during the implant insertion and are essential to the expansion, growth, function, repair and maintenance of bone host tissue. [59] [60] Osteoblasts are implicated in multifaceted interactions with a diversity of factors, mediators and cell types to form organic and non-mineralized bone matrix, 59 while endothelial cells, are directly associated to the process of vascularization through the materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 High-magnification images, figures 10c and 10i, revealed the presence of numerous extensions, filopodia and surface anchorages, as well as a well-defined nuclear periphery. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were observed. However, cytomorphometric analysis exposed a larger area of cellular extension in the presence of the Mg 2+ -HA nanoparticles compared to control and to nonsubstituted HA, which was associated with the superior capacity of Mg 2+ -substituted HA nanoparticles to favor the adsorption of cell adhesion-mediating molecules 62 from serum.
The results of this work highlight the influence of Ca 2+ -Mg 2+ switch and validate it as a potent instrument to improve the CaPs materials performance either through modifications of its structural, morphological and chemical characteristics that can be tailored to attain biomimetic effects.
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